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ABSTRACT 

This report presents the results obtained from applying a time- 

domain maximum likelihood adaptive-beamforming processor to simulated 

mixed-event data from the Alaskan Long-Period Array.    Adaptive-beamforming 

detection threshold reduction with respect to the beamsteer threshold is inves- 

tigated as two parameters are varied:   the time separation between Rayleigh- 

wave arrivals,   and the azimuthal separation between the events.    In the simu- 

lation performed for this report,   the arrival time of a signal buried in a 

stronger off-azimuth interfering event has little effect on the 11 dB ABF thres 

hold reduction (Figure 111-1) obtained,  but the threshold reduction is strongly 

dependent on the azimuthal separation between the events (Figure 111-10). 

Neither the Advanced Rebearch Projects Agency nor the Air Force 
Technical Applications Center will be responsible for information contained 
herein which has been supplied by other organizations or contractors,   and this 
document is subject to later revision as may be necessary.    The views and con- 
clusions presented are those of the authors and should not be interpreted as 
necessarily representing the official policies,    jither expressed or implied,   of 
the Advanced Research Projects Agency,  the Air Force Technical Applications 
Center, or the US Government. 
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I 
SECTION II 

KXPERIMFNTAL APPROACH AND PREVIOUS RESULTS 

A. EXPERIMENTAL APPROACH 

Let B(f,   ko,   k) be the time-shift-and-sum filter response at a 

look wavenumber   ?    -   f^/V^ to a uave of frequency f and wavenumber k. 

The beamsteer response is Piven by (Barnard and O'Brien,   1974): 

M 

n(f'v1^ ■ ^r ^ cxpiizr-ffT -i:.r )j        („.D 
n^ I 

2 
where    ^ B   V^ .   x^V^ I. the time-laK for the n-th site with steering velocity 

Vo,Xn iS th<' n',tl Slte (»«ittOB vector.    M    is the number of sites used,   and 
1  =   ^~T-     The adaptive beamforming filter response,  A(f>   k   ,   k) can be 

o 
written as 

M 
A(f,  k  ,  k) = 

o 
2^      A   (f) exp (i2n(fT     -"k.x)] 
n= I n n n J (II-2) 

where Aji) is the Eourier transform of the adaptive convolution filter applied 

to the n-th channel at a given time.     The transform A^f) depends on the data 

and consequently varies with time.     Expressing the plane-wave propagation 

vectors ko or k in terms of azimuthal angles,   we have 

k=   (-1  .in»,   -i  cos  6) t|I.3j 

for a two-dimensional array,   where the source azimuth    B   is measured clock- 

wise relative to north.     Then the beamsteer and the adaptive filter power re- 

sponses in   dB   are,   respectively. 

II-l 
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and 

pA(f.öo.ö) - ioio,lo |A(I. r. M 

(11-4) 

(II-M 

F'or actual time-overlapped data traces,   there is no reliable 

method to isolate the energy contribution from each separate event.     In order 

to evaluate adaptive-beamforming filter performance in suppressing the inter- 

fering event in mixed-event situations,   the most realistic approach is to rely 

on a simulation of mixed signals.     This  simulation is done in the following 

manner.     Each channel of two data samples,   one containing an on-azimuth 

signal and the other an off-azimuth event,   are separately passed through a 

zero-phase bandpass prefilter.     The off-azimuth interfering event can be 

shifted from its original azimuth to any desired azimuth.     The samples are 

then added point-by-point and channel-by-channel to produce a composite sam- 

ple,   and then the composite sample is  shifted to align the target event.   Through 

this procedure,   the azimuthal and time  separation between the mixed events 

can be controlled. 

From the composite sample,   adaptive filter sets are designed 

and applied to the data samples individually to create separate beams for the 

On-Uimuth signal and the interfering event.     These separate beam outputs are 

subsequently added together to form a composite-trace beam,   which is intend- 

ed to represent a processed 'real-world' beam.     The corresponding time-shift- 

and-sum beams are also created simultaneously.     The evaluation of adaptive 

filter performance is based on the composite beam. 

In this study the ratio of the peak-to-peak amplitude measured 

after the on-azimuth signal's arrival to the corresponding amplitude measured 

before its arrival,   but after the interfering event arrival,  was computed as a 

measure of detection.     When this 'ampli'ude rise1 amounts to 6 dB a detection 

I 
I 

I 
I 

11-2 

 _   ..   ■   - - 



was claimed. The singlo-sensor maximum peak-to-peak amplitude was mea- 

suied and averaged individually for each of the mixed events. Then the event 

separation was computed by taking the ratio of these averages. 

At each time separation,   measurements of the amplitude rise 

defined above were made over a wide range of event separations and at as many 

as Zu AUF convergence rates ranging from 0. 001  to 0. 5.      The largest event 

sf-paraticn at which a ti dB amplitude rise was achieved,   independent of the con- 

vergence rate,   was called the ABF threthold for that time separation.     The 

same procedure was followed for the beamsteer detector to find its threshold. 

The ratio of these values is the tnreshild reduction achieved by using the ABF. 

In each simulatiop the beamsteer detector outputs were examined 

at the event separation at which the  t dB amplitude rise was Achieved by the 

ABF processor.     In no case was there any evidence of an on-azimuth signal. 

In addition,   the ABF outputs at the   event separation where the beamsteer gave 

a 6 dB rise were calculated,   and it was always found that the on-a/.imuth event 

was the dominating feature. 

In many marginal detection situations,   such as those studied 

here,   short-period detection inform ition is available which informs the ana- 

lyst that two events arc mixed in his data sample.     This information makes 

the 6 dB criterion used here sufficient for  long-period detection of the on- 

azimuth event. 

Once a detection is declared a secondary but still important 

objertive is to determine the event magnitude for tht  detected signal.   In order 

to evaluate the Accuracy on the magnitudt   estimates by the detectors,   the sep- 

arate on-azimuth signal beam amplitudes for both beamsteering and adaptive 

bcamforming are divided into the peak amplitudes on the composite-trace 

beams,   to find the signal degradation.    Further details of the mixed-event 

simulation procedure can be found in Barnard and O'Brien (1974). 

' 
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B. PREVIOUS RESULTS 

In the previous report,   the rt suits of three long-period mixed- 

event simulations for a 180    azimuthal separation at various event-separation 

levels were presented,   each using a 15-point adaptive filter.    In the first simu- 

lation,   adap-r'e beamforming produced a 6 dB composite-trace amplitude rise 

for an 18 dB event separation at the single-sensor level.     The beamsteer pro- 

cessor yielded the same 6 dB composite-trace amplitude rise at a 6. 4 dB event 

separation.    As a result,   the adaptive processor achieved a detection thresh- 

old reduction of about 12 dB,  or 0. 6 M    units,   relative to beamsteering.    The 
s ■ 

second mixed-event simulation in the previous report used the same events 

for both the on-azimuth signal and the off-azimuth interfering event for illus- 

trative purposes only. 

Some previously unreporteu results of the third mixed-event 

simulation are presented here.    That simulation was performed at 12,   18,  24, 

30,   and 36 dB event separations.    Figure II-l shows the observed amplitude 

rise versus evf nt separation for the ABF and beamsteer outputs.    The adap- 

tive convergence rate for the best output is indicated in each case. 

Inspection of the ABF curve in Figure II-1 indicates that the 

slope changes significantly at 24 dB event separation,  where the adaptive con- 

vergence rate changes from    |i = 0. 2 to 0.5.    Near a 30 dB event separation, 

where a 6 dH amplitude rise is achieved by the ABF processor,   the dashed 

curve suggests a 2 dB decrease in the amplitude rise per 6 dB increase in 

event separation. 
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A. 

SECTION III 

RESULTS 

ABF THRESHOLD REDUCTION AT VARIOUS ARRIVAL  TIME 
SEPARATIONS 

Events on days 296 and 335 of 1972 from the Tonga Islands, 

arriving at ALPA at 6 hours 46 minutps  40 seconds and  3 hours 24 minutes 

40 seconds,   respectively,   were used in the time-separation simulation.     The 

time intervals between the event arrivals were varied in one-minute steps 

between zero and seven minutes.     In all  cases in this subsection,   the pro- 

cessing was conducted with a   51-point adaptive filter.    Eourteen-site data 

at ALPA (sites 6,   16,   17,   18,   and  19 had unuseable data) were used.     The day 

296 on-azimuth signal arrived from 205    while the day  335 interfering event 

azimuth was shifted from 206    to 25   ,   producing a 180    azimuthal separation 

between the events.     The thresholds,   threshold reductions,   the ABF conver- 

gence rates at which they were found,   and the observed signal degradation 

are presenteu in   Table III-l. 

The striking feature of Table III-l is the nearly constant thresh- 

old reduction.     This is further brought out in Figure III-l,   where  .he threshold 

for each detector is plotted against time separation,   and it is seen that the 

curves are roughly parallel,   although each has variations of as much as  5 dB. 

In order to examine this effect,   we present the outputs of both detectors for 

the two and four minute time separation cases in Figures III-2 through III-5. 

Examination of Figures III-2 and III-3 for the two-minute case shows that the 

large threshold anomaly there is due to a relatively large composite trace ampli- 

tude on both the ABF and beamstecr traces at about 335/03.25.00 
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FIGURE III-6 

ABF BEAM PATTERN AT 296/06.45.00 
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additions and cancellations of peaks occurred simultaneously for both proces 

sors, lowering their thresholds by the same amount, to yield the constant 11 

dB reduction observed here. 

j The above discussion depends on thr fact that the peak of the 

off-azimuth motion occurred shortly after the signal arrival.    This means that 

the oft-azimuth peak always occurred before the on-a/imuth peak in this study, 

and the results would probably be different if this were not the case,   since then 

the same group of cycles would not contribute the peak motion.    Subject to this 

rather weak restriction,   however,  we might expect that any pair of signals be- 

have in this way.    That is,   these results suggest that the ABF threshold re- 

duction is a function of azimuthal separation,   array geometry,   filter length, 

signal waveform similarities,   and amplitude variations across the channels. 

This conclusion is of course tentative,   and must be checked out by further ex- 

perimental work. 

Another feature of interest in Table 111-1  is the considerably 

larger degradation introduced by the ABF than by the beamsteer into the com- 

posite trace amplitude.    This is no defect in the ABF processor,   since its sig- 

nal degradation measurements were made at signal levels where the beamsteer 

cannot provide even distorted amplitude estimates of the on-azimuth signal. 

The presence of an interfering event had little effect on the change of wave 

period.    Maximum change from the on-azimuth traces was about 20% and con- 

sequently its effect on the magnitude estimate was less than 0. 08 units. 

Another conclusion tentatively drawn from this work is that dif- 

ferences in frequency content between interfering events have little,  if any, 

effect on threshold reduction.    The signals mixed in this simulation have domi- 

nant periods of 30 and 20 seconds,   a wider separation than often found in prac- 

j tice.    Consequently any effects due to different frequency content should be ob- 

servable here,  if at all.    The fact that they were not suggests that this factor 

j is not important.    This result,   too,  must be checked by further investigation. 

Ill-11 
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adaptive filter was applied in all cases,   and the remainder of the experimental 

procedure was the same as in the time separation study.    Tabl^ 1II-2 presents 

the results in a format similar to that of Table Ill-l.    Time traces were quali- 

tatively very similar to Figures I1I-2 through 1II-5.    Typical examples for an 

az muthal separation of 60    are shown in Figures 111-8 and III-9. 

Examination of Table II1-2 shows that the ABF provides little 

threshold reduction at 0    separation,   as expected.     Apeak in the reduction is 

achieved at about 150   ,   and thereafter the reduction is somewhat less.     This 

behavior can be understood by reference to Figure 111-10 where the ABF and 

beamsteer thresholds and their differences are plotted. 

In this figure it can be seen that the ABF threshold increases 

smoothly to a maximum of 30 dB at 120° azimuthal separation and remains at 

that value at all larger separations.     The beamsteer threshold,   by contrast, 

has two extrema and is increasing at 180°.     Consequently,   all the structure at 

azimuthal separations greater than 120    in the threshold reduction curve is at- 

tributable to variations in the beamsteer threshold,  which depends on the spec- 

tral content and azimuth of the off-azimuth signal. 

Figure 111-10 also demonstrates that the ABF's superiority ex- 

tends down to small azimuthal separations between the interfering events.   The 

beamwidth,   as measured by the angular separation where the threshold is 6 dB 

is about 35    for the ABF and 55° for the beamsteer,   an important reduction. 

i The results of the study of these events at an azimuthal separa- 

tion of 180    are comparable tc those found in the previous subsection.    Here 

i an ABF threshold reducticn of 16 dB was found,   rather than the 11 dB reduc- 

tion found for the first event pair.    Both the ABF and beamsteer thresholds 

I are higher in this simulation than the previous example,  and this effect is 

presumably due to a number of factors whose separate importance cannot be 

f estimated. 
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In this study a number of values of signal degradation found to 

be negative,   indicating that constructive interference between on- and off- 

azimuth events contributed the composite trace peak.     The variability exhibited 

by this parameter prevents any conclusions from being drawn concerning rela- 

tive signal degradation. 

The only feature requiring further comment is the 1. 6 dB ABF 

rejection of 0°    separation.     This value should be zero if both signals were 

exactly described by plane wave models and if the constraint of unit response in 

the look direction was exactly preserved.    Neither of these conditions were 

met,   and their relative importance cannot be readily estimated.    In any case 

this effect is a small one. 
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SECTION IV 

CONCLUSIONS 

The experimental work presented in this study is limited,   but 

nevertheless supports a consistent picture of the ABF's performance relative 

to the beamsteer.     The ABF is indeed performing directional filtering,   at 

lea.t in part,   as  shown by the correspondence of its response pattern nulls 

with peaks In the f-k spectra at various times and frequencies.     The ABF's 

superiority,  at any azimuthal or time separation,   is due to two factors.    First, 

its response pattern nulls are deeper than the beamsteer's deepest nulls in 

most cases,   especially for energy at periods greater than 25 seconds.    Second, 

it il able to place these nulls .t the interfering event azimuth,   rather than in 

a direction determined by the array geometry as in *he case of beamsteering. 

The first of these advantages is due to the ABF's large number of degrees of 

freedom,   and the second is due to its adaptive nature. 

Quantitatively,   the conclusions are on a less firm footing.     The 

arguments above and the results of subsection I1I-A suggest that the ABF 

threshold suppression is not a function of time separation for a wide class of 

event pairs,    but   the   numerical value of that reduction depends on several 

factors and consequently is not predictable in general.     The azimuthal dependence 

of the reduction is neither constant nor predictable,   for the same reason.     How- 

ever,   the reduction was as high as 20 dB (one magnitude unit) and was at least 

9 dB (0.45 magnitude units) better for the ABF than for the beamsteer at all 

time separations and at all azimuthal separations greater than 45°. 

Finally,   it is important to reiterate that the ABF processor has 

shown the capabüity to recover on-azimuth signals up to 30 dB below   the inter- 

fering signal (I. 5 magnitude units) for some cases; this capability is 12 dB 
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better (0.6 magnitude units)  than any other technique that has been tested.     Thus, 

the ABF has the potential  to  significantly reduce the interfering event problem 

provided that a surveillance network includes long-period arrays. 
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